Precise mitotic spindle assembly is a guarantee of proper chromosome segregation during mitosis. Chromosome instability caused by disturbed mitosis is one of the major features of various types of cancer. JMJD5 has been reported to be involved in epigenetic regulation of gene expression in the nucleus, but little is known about its function in mitotic process. Here we report the unexpected localization and function of JMJD5 in mitotic progression. JMJD5 partially accumulates on mitotic spindles during mitosis, and depletion of JMJD5 results in significant mitotic arrest, spindle assembly defects, and sustained activation of the spindle assembly checkpoint (SAC). Inactivating SAC can efficiently reverse the mitotic arrest caused by JMJD5 depletion. Moreover, JMJD5 is found to interact with tubulin proteins and associate with microtubules during mitosis. JMJD5-depleted cells show a significant reduction of ␣-tubulin acetylation level on mitotic spindles and fail to generate enough interkinetochore tension to satisfy the SAC. Further, JMJD5 depletion also increases the susceptibility of HeLa cells to the antimicrotubule agent. Taken together, these results suggest that JMJD5 plays an important role in regulating mitotic progression, probably by modulating the stability of spindle microtubules.
In eukaryotic cells, accurate chromosome segregation during cell division relies on the proper assembly of a bipolar spindle during mitosis. Disturbed mitosis may result in genome instability and is one of the major features of many types of cancer (1) . Chromosome instability caused by abnormal mitosis is correlated with tumor grade and prognosis (2) (3) (4) . Spindle assembly checkpoint (SAC) 4 is a procedure that ensures precise bipolar mitotic spindle assembly, faithful kinetochore-spindle microtubule attachment, and proper chromosome segregation (5, 6) . When SAC is activated, BubR1, Mad2, and Bub3, along with Cdc20, form the mitotic checkpoint complex to prevent the anaphase-promoting complex/cyclosome from promoting cyclin B and securin degradation and mitosis exiting; these events arrest cells in metaphase (5, 7) .
Post-translational modifications on microtubules are crucial for regulating microtubule properties and functions (8) . Spindle microtubules, as the fundamental drivers of chromosome segregation in mitosis, are highly modified with acetylation, detyrosination, and polyglutamination. These modifications can influence the interactions of microtubules with a variety of microtubule-associated proteins (9) , and the microtubule-associated proteins, conversely, can regulate the stability of spindle microtubules, such as TPX2 (10) , HURP (11) , and NuSAP (12) .
JMJD5, also named KDM8, was reported to be responsible for gene transcription regulation through its histone H3 lysine 36 dimethylation (H3K36me2) demethylase activity (13) (14) (15) and to regulate osteoclastogenesis with its hydroxylase activity (16) . It regulated cell cycle progression in breast cancer cells by CCNA1 transcription regulation (13) , and proliferation of mouse embryonic cells through regulating Cdkn1a (14) . Research into JMJD5 interacting partners revealed its role in metabolism by regulating PKM2 nuclear translocation (17) and in chromosome segregation along with RCCD1 (18) . Additionally, JMJD5 was recently shown to be essential for maintaining the short G 1 phase in human embryonic stem cells (19) . Although previous studies have shown a transcriptional regulation role of JMJD5 in cell cycle progression, the precise function of JMJD5 in mitosis is still unclear.
In this study, we found that during mitosis, JMJD5 diffused into cytoplasm and partially accumulated on spindles. Further, we showed that JMJD5 was associated with microtubules and regulated the stability of spindle microtubules. Depletion of JMJD5 led to abnormal spindle assembly and resulted in significant accumulation of mitotic cells by activating SAC. Also we found that JMJD5 depletion enhanced the cytotoxic responses of HeLa cells to nocodazole, an antimicrotubule agent. These data revealed a novel role of JMJD5 in regulating microtubule stability and mitotic progression.
Tubastatin A was purchased from Selleckchem. Antibodies used in this study were purchased from the indicated companies: The rabbit polyclonal antibodies were anti-JMJD5 (Millipore), anti-JMJD5 (Abmart), phosphohistone H3 (Ser10) antibody (Alexa Fluor 488 conjugate) (Cell Signaling Technology), anti-␣-tubulin (Bioworld), anti-cyclinB1 (Bioworld), anti-GFP (MBL), anti-GST (EasyBio), anti-His (EasyBio), anti-RCCD1 (Abcam), anti-MCM7 (Abgent), anti-BAG2 (Abgent), anti-CSNK1G1 (Abgent), anti-PSMD2 (Bioworld), and anti-H3.1 (Abcam). The rabbit mAb was anti-acetyl-␣-tubulin (Cell Signaling Technology). The mouse monoclonal antibodies were anti-HA (Abmart), anti-GFP (Abmart), anti-GAPDH (EasyBio), anti-␤-tubulin (EasyBio), anti-Histone H3 (phospho Ser10) (Abcam), anti-BubR1 (Abcam), anti-␥-tubulin (Abcam), and anti-␣-tubulin (Sigma-Aldrich). Other antibodies used include human anti-centromere antibody (ACA; Antibodies Inc.; a gift from Dr. Chuanmao Zhang, Peking University), goat anti-mouse FITC and goat anti-rabbit CY3 (Jackson Immu-noReseach), and goat anti-human FITC (Beyotime).
Plasmids and siRNAs-Human JMJD5 and mouse JMJD5 cDNAs were obtained by RT-PCR from HeLa cells and R1 mESCs. JMJD5 cDNAs were cloned into pCDNA3.1-mcherry, pEGFP-N1, phGST.1 (20) , pEF-Neo-Flag, and pcDNA3.1-HA vector (from Dr. Zhijie Chang, Tsinghua University, Beijing, China). To generate mJMJD5 H319A/D321A mutant, PCRbased site-directed mutagenesis was performed using Q5 high fidelity DNA polymerase (New England Biolabs) with primers 5Ј-CCATCTCCCCACTGGCTCAGGCCCCCCAGCAGAA-CTTC-3Ј (forward) and 5Ј-GAAGTTCTGCTGGGGGGCCT-GAGCCAGTGGGGAGATGG-3Ј (reverse). The mutation was verified by sequencing.
Control siRNA (5Ј-UUCUCCGAACGUGUCACGUTT-3Ј), siJMJD5-2 (5Ј-CCAGAUGUGAAGUUAGAAATT-3Ј), and Mad2 SMART pool (5Ј-GAAAGAUGGCAGUUUGAUA-3Ј, 5Ј-UAAAUAAUGUGGUGGAACA-3Ј, 5Ј-GAAAUCCGUU-CAGUGAUCA-3Ј, and 5Ј-UUACUCGAGUGCAGAAAUA-3Ј) (21) were synthesized by GenePharma (Shanghai, China). The siJMJD5-1 (sc-75359) and JMJD5 CRISPR/Cas9 KO Plasmid (sc-405787) were purchased from Santa Cruz Biotechnology.
Cell Culture, Transfection, and Synchronization-HeLa cells were purchased from National Platform of Experimental Cell Resources for Sci-Tech (China). The cells were maintained in DMEM supplemented with 10% FBS and 1% streptomycin/ penicillin at 37°C in a humidified atmosphere with 5% CO 2 . siRNA was transfected using RNAiMAX (Life Technologies) according to the manufacturer's instructions in medium without antibiotics. The plasmids were transfected using Lipofectamine 2000 or Lipofectamine 3000 (Life Technologies).
The cells were synchronized by double thymidine block (DTB) and release or by nocodazole treatment. For DTB and release, the cells were treated with 4 mM thymidine for 17 h, released in fresh medium for 8 h, and then treated with 4 mM thymidine again for 15 h. Cells in different phases were harvested sequentially at the indicated time points after being released from DTB. To get more M phase cells, the cells were synchronized by nocodazole treatment. Briefly, the cells were treated with 4 mM thymidine for 17 h, released in fresh medium for 4 h, and then treated with 100 ng/ml nocodazole for 17 h.
The cells were shaken off and extracted directly for immunoprecipitation or released back in fresh medium and harvested sequentially at the indicated time points to analyze mitotic exiting.
Immunofluorescence Microscopy-HeLa cells grown on polylysine-coated glass coverslips were fixed with methanol at Ϫ20°C or 4% paraformaldehyde at room temperature. Then the cells were permeabilized and blocked in PBS-BT buffer (1ϫ PBS, 3% (m/V) BSA, and 0.1% Triton X-100) at room temperature. The cells were incubated with diluted primary antibodies at 4°C overnight and then with diluted (1:200) FITC-or CY3conjugated secondary antibodies at room temperature in dark for 1 h. Coverslips were mounted in VECTASHIELD mounting medium with DAPI (VECTOR laboratory). The images were acquired using an A1R MP multiphoton confocal microscope (Nikon) under 100ϫ oil objective and analyzed with NIS-Elements software (Nikon).
Flow Cytometric Analysis of Cell Mitotic Index-Cell mitotic index was evaluated as described previously with some modifications (22) . Briefly, the cells were fixed with 1% paraformaldehyde followed by ice-cold 80% ethanol. The cells were then permeabilized with 0.25% Triton X-100 and incubated with diluted Alexa Fluor 488 conjugate anti-phosphohistone H3 (Ser10) antibody in dark. The cells were washed once and resuspended in PBS containing propidium iodide and RNase A (Takara) on ice for 30 min. Mitotic index was determined using BD FACSCalibur, and the data were analyzed by CellQuest TM Pro software (BD Biosciences).
CRISPR/Cas9 JMJD5 Knock-out Cell Line Generation-HeLa cells were transfected with CRISPR/Cas9 JMJD5 KO Plasmids with Lipofectamine 3000, and GFP-positive cells were selected by FACS after 24 h. Single cell colonies were selected and tested by Western blot.
Time Lapse Microscopy Imaging and Analysis of Mitotic Duration-HeLa cells stably expressing H2B-GFP were transfected with siRNAs or siRNAs together with pcDNA3.1mcherry, mJMJD5-WT-mcherry, and mJMJD5-mut-mcherry plasmids and then synchronized by DTB and released for 6 h. Then living cell microscopy was performed on an OLYMPUS IX81-ZDC microscope with 10ϫ objective (to get more cells for calculation). Images were taken approximately every 3 min and were analyzed with CellSens Dimension software (Olympus). The duration of mitosis was calculated according to the time lapse images from the sign of chromosome condensation at prophase to chromosome decondensation at telophase.
Gene Ontology Analysis and Protein-Protein Interaction Network Construction-Identified JMJD5 interactors were categorized into functional groups using DAVID (Database for Annotation, Visualization and Integrated Discovery) (23) . The protein-protein interaction data for these proteins were retrieved from the BioGRID database (24) , and a new interaction network was generated using Cytoscape software (25) .
GST Pulldown Assay-GST and the JMJD5-GST fusion protein were expressed in Escherichia coli. BL21 (DE3) and immobilized on glutathione-Sepharose beads (GE Healthcare). The beads were washed three times with lysis buffer before incubation with whole cell lysate (cells after nocodazole synchronization and released for 30 min) at 4°C for 2 h. Then the beads were washed three times, and the associated proteins were eluted by GSH. The samples were then subjected to Western blot analysis.
Microtubule Co-sedimentation Assay-Microtubule co-sedimentation assay with cell lysate was performed as described previously with some modifications (26) . In brief, HeLa cells were synchronized with 100 ng/ml nocodazole for 17 h and lysed in C buffer with complete protease inhibitor mixture (Roche) on ice for 30 min. Then the cell lysate was clarified by centrifugation and ultracentrifugation (Beckman Optima MAX-XP), and DTT and GTP (Thermo) were added to a final concentration of 1 mM. The mixture was incubated in water bath at 30°C for 5 min and divided into two equal with volumes: one was placed on ice in the absence of taxol, and the other was placed in 37°C water bath with taxol at a final concentration of 20 M for 15 min. The samples were layered on top of cushion buffer and centrifuged at 100,000 ϫ g for 40 min at 25°C. The supernatant fractions and pellets were collected individually, and the distribution of proteins in each fraction was examined by immunoblotting.
Microtubule co-sedimentation assay with purified JMJD5 protein was performed using the kit from Cytoskeleton, Inc., according to the manufacturer's instructions. In brief, JMJD5-GST protein was dialyzed in general buffer prior to the assay. Purified tubulin proteins were incubated in general buffer with GTP at 35°C for 20 min, and taxol was then added to stabilize the microtubules. Then the dialyzed JMJD5-GST was incubated alone or with different concentrations of microtubules (1-20 M) in general buffer at 25°C for 30 min. Samples were placed onto a 100-l cushion buffer and centrifuged at 100,000 ϫ g in a TLA100 rotor for 40 min at 25°C. The pellets and supernatants were collected, suspended in sample buffer, and analyzed by Coomassie Blue staining or immunoblotting with anti-GST antibody.
Measurement of Interkinetochore Distance-HeLa cells transfected with siRNAs were seeded on polylysine-coated glass coverslips and then synchronized by DTB. 9 h after the second thymidine release, these cells were treated with 10 M MG132 for 2 h. Then cells were fixed, and immunofluorescence assay was performed. Deconvolution images were collected and analyzed with Delta Vision Elite System (GE Healthcare) under 100ϫ oil objective, and optical sections were taken at intervals of 0.2 m. Distances were measured between sister kinetochores that were in the same confocal plane.
Results

JMJD5 Partially Localizes on Mitotic
Spindles-To elucidate the role of JMJD5 in the cell cycle, we first investigated the expression changes of JMJD5 across the cell cycle. HeLa cells synchronized at the G 1 /S boundary by DTB were released back into cell cycle. The expression level of JMJD5 slightly increased in the G 2 -M phase (data no shown). Further, we investigated the localization of JMJD5 during cell cycle progression. We performed the immunofluorescent (IF) staining experiments in HeLa cells transfected with control siRNA or siJMJD5. As shown in Fig. 1A , we observed that JMJD5 localized mainly in the nucleus during interphase and early prophase. Surprisingly, after the nuclear envelope breaking down, JMJD5 diffused into the cytoplasm, and some localized onto mitotic spindles, whereas little signals could be detected on chromosomes. Meanwhile, little signals could be observed in JMJD5-depleted metaphase cells ( Fig. 1A ) and cells in other mitotic stages (data not shown), confirming the specificity of the antibody and the localization of JMJD5. To verify this localization, human JMJD5-HA fusion protein was overexpressed in HeLa cells, and its localization was detected using an anti-HA antibody ( Fig.  1B) . Consistent with the phenomenon detected with the endogenous antibody, JMJD5-HA signals also concentrated on mitotic spindles during mitosis. Once the nuclear envelope reformed, JMJD5 was found to relocalize in the nucleus (Fig. 1,  A and B) . The localization of JMJD5 on mitotic spindles implies that JMJD5 may play a distinct role in cell mitotic progression.
Depletion of JMJD5 Leads to Accumulation of Mitotic Cells and Spindle Assembly Defects-The spindle apparatus ensures appropriate separation of chromosomes into daughter cells during mitosis. To investigate the function of JMJD5 in mitotic progression, we next examined the effects of JMJD5 depletion on mitosis using two distinct siRNAs against JMJD5. FACS analysis was performed to detect the mitotic index and DNA content at the same time. As shown in Fig. 2A , a G 2 /M arrest in JMJD5-depleted cells was observed, consistent with previous report (13) . Notably, a significant increase in the mitotic index was observed in JMJD5 knockdown cells as well ( Fig. 2A ). To verify this mitotic index increase, we performed Western bolt of mitotic markers and cell counts after IF staining assays. Consistently, JMJD5 depletion up-regulated the level of histone H3Ser10 phosphorylation and cyclin B1, two mitotic markers (Fig. 2B) , and increased the number of phosho-H3Ser10 positive cells in IF assay (Fig. 2C ).
JMJD5 is highly conserved in evolution. Orthologs of JMJD5 in human (hJMJD5) and mouse (mJMJD5) share 77% amino acid identity. In particular, the identity of the JmjC domain is as high as 90%. Further, Flag-tagged mJMJD5 showed same localization pattern in HeLa cells as hJMJD5 did (data not shown). To further validate the result that JMJD5 depletion was responsible for the elevation of the mitotic index, mJMJD5 was reintroduced into JMJD5-depleted HeLa cells. As shown in Fig. 2 (D and E), the increase of mitotic markers and the mitotic index caused by JMJD5 depletion were partially reversed in cells overexpressing mJMJD5. JMJD5 was reported to be histone H3K36me2 demethylase and non-histone protein hydroxylase (13, 16) . The crystal structure of JMJD5 showed that, in the catalytic site, Fe 2ϩ could be chelated by residues His 321 , Asp 323 , and His 400 (27, 28) . This HX(D/E)X n H motif is highly conserved in JmjC domain-containing proteins and is important for their catalytic activity (29) . To further investigate whether the enzymatic activity of JMJD5 is responsible for its function during mitosis, we designed the catalytically inactive mutant of mJMJD5 (H319A/D321A), which is related to H321A/D323A of hJMJD5. To our surprise, the mJMJD5 H319A/D321A mutant was also able to partially reverse the elevation of mitotic index caused by JMJD5 depletion similar to wild-type mJMJD5 (Fig. 2, D and E) .
Because CRISPR/Cas9 mediate gene knock-out has now been widely used in gene functional test (30, 31) , we also generated the CRISPR/Cas9 JMJD5 knock-out cell lines to examine the function of JMJD5 on mitosis. As shown in Fig. 2 (F and G) , JMJD5 knock-out cell lines also showed higher levels of mitotic markers ( Fig. 2F ) and mitotic index ( Fig. 2G ) compared with control cell lines. Also, both wild-type and mutant mJMJD5 were able to partially rescue the mitotic arrest caused by JMJD5 knock-out (Fig. 2H) . The results confirm that JMJD5 is required for proper mitosis, and this function may not dependent on the catalytic activity of JMJD5. Meanwhile, IF staining of ␣-tubulin and ACA was performed, and cells in different mitotic stages were counted according to chromatin morphology. As shown in Fig. 3A , knockdown of JMJD5 caused a significantly increased percentage in metaphase cells and a decreased percentage in anaphase cells among mitotic cells. Moreover, various patterns of abnormal mitotic spindles were observed in both JMJD5 knockdown cells ( Fig. 3B ) and JMJD5 knock-out cells (Fig. 3C ). Taken together, these results suggest that JMJD5 plays an important role in regulating mitotic process and spindle assembly.
Depletion of JMJD5 Delays Mitotic Exit by Activating SAC-There are two possible causes for accumulation of mitotic cells. One is the shortening of premitotic processes (G 1 phase, S phase, or G 2 phase), and the other is the prolongation of mitosis. To precisely elucidate the phenomenon caused by JMJD5 depletion, we synchronized siRNA-transfected HeLa cells by DTB-synchronized HeLa cells were released and collected at the indicated time points as showed. Mitotic index was measured by FACS (A), and mitotic markers were analyzed by Western blot (B). C, JMJD5 depletion delayed mitotic exit. Mitotic cells were harvested by shake-off after nocodazole treatment and released back into the cell cycle. The cells were collected at the indicated time points and analyzed by Western blot. D-F, JMJD5-depleted cells exhibited prolonged mitosis. Selected frames from time lapse microscopy of HeLa/H2B-GFP cells transfected with indicated siRNAs. Black arrows marked the start and end points of mitosis, with detailed description in "Experimental Procedures" (D). The duration of mitosis was measured (E) and categorized (F). n ϭ 150 for siNC, and n ϭ 165 for siJMJD5. G, prolonged mitotic progression can be partially reversed by both mouse JMJD5 and its catalytic site inactive mutant mJMJD5-mut. HeLa/H2B-GFP cells were transfected with JMJD5 siRNA together with indicated plasmids, and the duration of mitosis of mcherry positive cells were measured. n ϭ 160 for siNC and mcherry, n ϭ 160 for siJMJD5 and mcherry, n ϭ 159 for siJMJD5 and mJMJD5-WT, and n ϭ 159 for siJMJD5 and mJMJD5-mut. H, the duration of mitosis in the rescue assay was categorized, and a significant rescue effect was observed. DTB, and released these cells for different durations to analyze the mitotic index over time. As shown in Fig. 4A , the mitotic index curve of JMJD5-depleted cells showed no significant difference compared with the curve of control cells at mitotic entry (8 h after release), but it was higher at all times after that. Moreover, the height of the mitotic index curve of JMJD5depleted cells was twice as high as that of control cells, and the former curve failed to decline to the basal level (level before mitotic entry) as observed for control cells. Consistent with the changes in the mitotic index, a marked increase and a delayed decline of the mitotic markers were also detected in JMJD5-depleted cells (Fig. 4B) . These data suggest that JMJD5depleted cells may obtain a prolonged mitotic phase. To further validate this possibility, we synchronized the siRNA-trans- fected HeLa cells to the mitotic phase by "cell shake-off" after thymidine/nocodazole treatment and released them back into the cell cycle. As expected, JMJD5 knockdown cells showed a delayed decline of mitotic markers compared with control cells during mitotic progression (Fig. 4C ). Taken together, these results indicate that JMJD5 plays an important role in regulating mitotic exit. To elucidate the mechanisms of mitotic delay induced by JMJD5 depletion, we next conducted time lapse microscopy of HeLa cells stably expressing histone H2B-GFP, with or without JMJD5 depletion. In control cells, most cells divided within 1 h with properly aligned chromosomes (Fig. 4 , D-F and supplemental Movie S1). However, in JMJD5-depleted cells, the proper alignment of chromosomes was troubled and delayed, and cells stayed at metaphase for an extended time even after the unaligned chromosomes congressed. Nearly 40% of JMJD5-depleted cells needed more than 1.5 h to finish cell division, and some of them failed to separate or even died during this process ( Fig. 4 , D-F and supplemental Movie S2). Further, we reintroduced mJMJD5-WT-mcherry, mJMJD5mut-mcherry fusion proteins, and mcherry into siRNA transfected HeLa/H2B-GFP cells. The duration of mitosis was analyzed in cells with red and green light. We found that, similar to the rescue of mitotic index, both wild-type and mutant mJMJD5 could partially rescue the prolonged mitosis caused by JMJD5 depletion (Fig. 4G) , and the number of cells whose mitotic duration were longer than 1.5 h were significantly decreased after wild-type or mutant mJMJD5 transfection ( Fig. 4H ). Consistent with JMJD5 knockdown cells, JMJD5 knock-out cells also showed prolonged mitotic duration (Fig.  5, A and B) .
The accumulation of metaphase cells and prolonged mitotic duration suggest that the SAC may be constantly activated in JMJD5-depleted cells. To verify this hypothesis, the association of BubR1 with kinetochores, a marker of SAC activation (5) was tested (Fig. 6, A and B) . As expected, BubR1 was observed on kinetochores in both control cells and JMJD5 knockdown cells in prometaphase. In metaphase, BubR1 signals disappeared from the kinetochores in control cells, whereas it could still be detected at kinetochores in JMJD5 knockdown cells, even when the spindle was properly assembled (Fig. 6A ) and the chromosomes were fully aligned (Fig. 6B ). The number of BubR1 positive kinetochores was quantified (Fig. 6C) , and the proportion of cells with more than 5 (Ͼ5) BubR1 positive kinetochores was significantly increased to 39% in JMJD5-depleted cells compared with control cells (25%). This indicated that more cells suffered a persistent SAC activation in JMJD5-depleted cells. To further confirm this, we depleted BubR1 or Mad2 to inactivate SAC (5, 6) in JMJD5-depleted cells, and then Western blot and FACS were performed to exam the mitotic changes. As shown in Fig. 6 (D-G) , the accumulation of mitotic cells and the up-regulation of mitotic markers caused by JMJD5 knockdown could be reversed by further depletion of BubR1 or MAD2. Knock-out of JMJD5 also caused sustained activation of SAC (Fig. 7A) , and the mitotic arrest could be rescued by additional knockdown of MAD2 (Fig. 7, B and C) . Together, these results suggest that the mitotic arrest caused by JMJD5 depletion is in an SAC-dependent manner.
Identification and Functional Assignment of the JMJD5-associated Proteins in Mitosis-To gain insight into how JMJD5 may
regulate mitotic progression, we conducted MS to identify the protein partners of JMJD5 during the G 2 /M phase. To this end, HeLa cells were transfected with C-terminal GFP-tagged hJMJD5 or GFP alone and synchronized by DTB. Then JMJD5 and its associated proteins were immunoprecipitated (IP) and analyzed by LC-MS/MS, as described in Fig. 8A . A total of 37 distinct JMJD5 interactors were identified (Table 1) , and an interaction network of these interactors was generated using Cytoscape software according to the BioGRID database (Fig.  8B) . A subset of these interactors was then confirmed by co-IP in nocodazole-synchronized HeLa cells (Fig. 8D) to validate the reliability of the MS assay. Moreover, the identified proteins were categorized into biological processes using a functional annotation tool, the Database for Annotation, Visualization and Integrated Discovery (DAVID), according to Gene Ontology annotations. A large portion of identified proteins were shown to be functionally implicated in cell cycle procession ( Fig. 8C) , indicating that JMJD5 might be involved in many ways in regulating cell cycle progression.
JMJD5 Interacts with Tubulin Proteins and Associates with Microtubules during Mitosis-Given the results that JMJD5 localized on spindles during mitosis ( Fig. 1 ) and that tubulin proteins were identified in our MS assay ( Table 1 and Fig. 8B ), we proposed that JMJD5 may regulate mitotic progression by directly associating with microtubules. First, we confirmed the interaction between JMJD5 and tubulin proteins using co-IP in nocodazole-synchronized HeLa cells expressing GFP or the JMJD5-GFP fusion protein. Both ␣-tubulin and ␤-tubulin were co-precipitated with JMJD5 ( Fig. 9A ). Then we further examined whether JMJD5 directly interacted with tubulin proteins using GST pulldown assay. C-terminal GST-tagged JMJD5 was produced and purified from E. coli, and GST pulldown assays were performed with synchronized HeLa cell lysate. The result showed that ␣-tubulin and ␤-tubulin indeed bound to the JMJD5-GST fusion protein but not GST alone (Fig. 9B) . These results indicate that JMJD5 interacts with tubulin proteins during mitosis.
To investigate whether JMJD5 could associate with polymerized tubulin (microtubules) during mitosis, we next performed microtubule co-sedimentation assay (26) . Mitotic HeLa cells synchronized by nocodazole were lysed in specific buffer and pelleted by ultracentrifugation in the absence or presence of taxol. As shown in Fig. 9C, JMJD5 remained in the supernatant in the absence of taxol but partially presented in the pellet with tubulin proteins when taxol was added. To control the specificity, ␥-tubulin, a known microtubule-associated protein, and MCM7, a JMJD5 interactor not associated with microtubules, were also examined ( Fig. 9C ). To further investigate whether JMJD5 could interact with microtubules in a cell-free system, JMJD5-GST protein was incubated alone or with varied concentrations of microtubules (1-20 M), which were prepolymerized from purified tubulin proteins (cytoskeleton), and ultracentrifugation was performed. As shown in Fig. 9D , the binding of recombinant JMJD5 protein with microtubules was concentration-dependent and saturable. The percentage of JMJD5 in pellet fractions was quantified with ImageJ, and fitting analysis was carried out with GraphPad Prism (Fig. 9E) . The binding constant of JMJD5 to microtubules is ϳ2.23 Ϯ 0.7 M, indicating that the interaction of JMJD5 with microtubules was direct but with relatively low affinity. Taken together, these results indicate that JMJD5 could interact with tubulin proteins and associate with microtubules during mitosis.
JMJD5-depleted Cells Exhibit Low Acetyl-modified Spindles and Fail to Generate Enough Interkinetochore Tension-The above results indicate that JMJD5 may function as a novel microtubule-associated protein during mitosis. Because many microtubule-associated proteins are involved in the regulation of mitotic spindle dynamics (11, 12) , we wondered whether the mitotic arrest and spindle defects induced by JMJD5 depletion were resulted from disturbed spindle stability. We examined the level of acetylated ␣-tubulin, an indicator of stable and longlived microtubules (32) , in siRNA-transfected HeLa cells. As shown in Fig. 10A , knockdown of JMJD5 significantly reduced the level of acetyl-␣-tubulin. Notably, a marked decrease of acetylated ␣-tubulin was observed on mitotic spindles (Fig.  10B) . JMJD5 knock-out cells also showed reduced level of acetyl-␣-tubulin (Fig. 10C) . Consistent with the impact of JMJD5 on mitotic arrest (Fig. 2D) , this reduction of acetyl-␣tubulin was at least partially reversed by the overexpression of mJMJD5 or the mJMJD5 H319A/D321A mutant (Fig. 10D) , indicating that this regulation may also occur independent of its enzymatic activity. Meanwhile, taxol, a microtubule-stabilizing reagent, could partially reverse this reduction of acetylated ␣-tubulin (Fig. 10E) . To further investigate the relationship between mitotic arrest and the destabilization of spindles, both caused by JMJD5 depletion, we treated siRNA transfected cells with tubastatin A, a specific HDAC6 inhibitor (33) . As shown in Fig. 10F , after the treatment of tubastatin A, the level of acetyl-␣-tubulin showed a significant reverse, and the mitotic arrest (marked by H3Ser10 phosphorylation level) was also partially rescued. This result further demonstrates that JMJD5 is needed for proper mitosis at least in part through modulating the stability of spindle microtubules.
The stability and dynamics of spindle is important to generate enough interkinetochore tension to satisfy SAC (5, 6) . To evaluate the effects of JMJD5 depletion on the interkinetochore tension, we measured the distance between sister kinetochores (34, 35) . As shown in Fig. 10G , the distance between sister kinetochores of metaphase cells was shorter in JMJD5-depleted cells (1.176 Ϯ 0.0217 m) than that in control cells (1.439 Ϯ 0.0344 m), indicating a lack of tension between paired kinetochores. Thus, depletion of JMJD5 reduced the stability of spindle microtubules and abolished the tension across paired kinetochores, resulting in sustained SAC activation and mitotic delay.
The dynamics of spindle microtubules is one of the most successful targets of anti-cancer therapy (36) . We wondered whether depletion of JMJD5 could alter the sensitivity of cancer cells to antimicrotubule agents. To verify this, HeLa cells transfected with JMJD5 or control siRNAs were treated with increasing concentrations of nocodazole and analyzed for cell viability with a Cell Counting Kit-8 (Beyotime). As shown in Fig. 10H , when treated with different concentrations of nocodazole, JMJD5-depleted cells showed much lower survival rate than control cells, indicating that they were more susceptible to nocodazole. Taken together, these results suggest that JMJD5 is essential for maintaining spindle microtubule stability, which is responsible for proper mitotic spindle function.
Discussion
Most of the previous studies of JMJD5 have focused on its role in gene transcriptional regulation in the nucleus. Here we report that JMJD5 plays an important role in mitotic progression. During mitosis, JMJD5 partially localizes on mitotic spindles. MS assay and biochemical analysis further demonstrate that JMJD5 could bind with tubulin proteins and associate with microtubules. Depletion of JMJD5 significantly reduces the level of acetyl-␣-tubulin on mitotic spindles, which indicates that fewer stable spindle microtubules are assembled. This leads to abnormal spindle formation and fails to generate enough interkinetochore tension to satisfy the SAC. Finally, these defects result in mitotic arrest.
A large proportion of proteins have been found to show cell cycle-dependent localization changes (37) . Recently, more and more epigenetic regulating proteins, which mainly localize in the nucleus in interphase, have been reported to obtain new localizations and functions during mitosis. Some typical examples are that HDAC3 localizes on the spindles and affects spindle assembly (38) ; MeCP2 co-localizes with centrosomes and spindles, and its loss disturbs spindle morphology and mitosis (39) ; and WDR5 shows localization on the midbody during cytokinesis and regulates this process (40) . In our study, immunostaining showed that JMJD5 also changed its localization during mitosis. It associated with mitotic spindles after nuclear envelope breaking down (Fig. 1) . Indeed, a later experiment demonstrated that JMJD5 associated with microtubules during mitosis ( Fig. 9 ). Little JMJD5 signal could be detected on chromosomes during mitosis (Fig. 1 ). This may be the result of chromatin condensation changes in this stage, or some kinds of mitotic specific modifications might happen on JMJD5. Once the nuclear envelope was reconstituted, JMJD5 was transported back into the nucleus. This process may require a nuclear import system. In agreement with this hypothesis, a functional nuclear localization signal of JMJD5 has been reported, and importin ␣/␤ has been found to be associated with JMJD5 (41) .
Here, we also identified importin 7, which performed its nuclear import function by forming a heterodimer with importin ␤ (42), as a JMJD5-associated protein by MS assay (Table 1 and Fig. 8B ). JMJD5 has been reported to be required for the cell cycle progression through transcriptional regulation of related genes, such as cyclin A1 (13) and Cdkn1a (14, 19) . These functions are thought to be related to its histone H3K36me2 demethylase activity. To verify the influence of JMJD5 demethylase activity in its mitotic regulation, we designed the JmjC-inactive mutant (mJMJD5-H319A/D321A) for functional rescue of the phenotypes in JMJD5-depleted cells. Both wild-type and mutant mJMJD5 could partially reverse the destabilization of microtubules (Fig. 10D ) and the mitotic arrest (Fig. 2, D and H) caused by JMJD5 depletion. Thus, the effects of JMJD5 on mitosis likely rely on a noncatalytic activity of JMJD5. Coincidentally, a recent report by Huang et al. (43) shows that the enzymatic activity of JMJD5 is not required for its cell cycle regulation in A549 cells. However, we have found that mutant JMJD5 also mostly located in the nucleus in interphase cells (data not shown). We could not exclude the possibility that the effects of JMJD5 on mitosis might also be through some indi-rect mechanisms involving the expression of cell cycle regulating genes or some signaling processes.
Spindle microtubule dynamics are important for chromosome alignment and mitotic progression (44) . In this study, we revealed that JMJD5 could bind to tubulin proteins and associate with microtubules during mitosis. Purified JMJD5 showed a relatively low binding affinity to microtubules in in vitro microtubule co-sedimentation assay (Fig. 9D) . The reason may be that some modifications acquired during mitosis do not exist in recombinant JMJD5 or because JMJD5 needs partners to elevate its binding affinity, like some other previously reported proteins. For example, CENP-E significantly enhances the binding affinity of SKAP to microtubules (45) .
JMJD5 depletion significantly reduced the level of acetyl-␣tubulin on mitotic spindles (Fig. 10B ). Furthermore, tubastatin A, a specific HDAC6 inhibitor, can significantly reverse the level of acetyl-␣-tubulin and partially rescue the mitotic arrest caused by JMJD5 depletion (Fig. 10F) . Thus, we speculate that modulating the stability of microtubules may be one of the main reasons for the important role of JMJD5 in proper mitosis. However, we failed to detect the interactions between JMJD5 and the reported tubulin acetyltransferases (ATAT1, ELP3, NAT1, NAT10, and GCN5) or tubulin deacetylases (HDAC6 and SIRT2) (9) . Also, no significant differences in the protein level of these enzymes were found after knockdown of JMJD5 (data not shown). Thus, the regulation of tubulin acetylation FIGURE 9 . JMJD5 interacts with tubulin proteins and associates with microtubules in mitotic cells. A, HeLa cells transfected with the indicated plasmids were synchronized into mitosis by nocodazole. Anti-GFP immunoprecipitates (IP) were probed with the indicated antibodies. B, GST pulldown assay was performed with bacterially expressed GST or JMJD5-GST plus extracts of nocodazole-synchronized HeLa cells. The presence of tubulin proteins in the pulldown fraction were detected by Western blot. C, JMJD5 associated with microtubules during mitosis. Mitotic synchronization and microtubule co-sedimentation assay were performed as described under "Experimental Procedures." After ultracentrifugation in the absence or presence of taxol, proteins present in the pellet (P) and supernatant (S) fractions were detected by Western blot with the indicated antibodies. D, JMJD5 shows a direct interaction with microtubules in vitro. Purified JMJD5-GST protein was incubated alone or with varied concentrations of microtubules (1-20 M), and ultracentrifugation was performed. JMJD5 in the pellet (P) and supernatant (S) fractions was detected by Western blot, and tubulin proteins were presented by Coomassie Blue staining. E, the percentage of JMJD5 that bound to microtubules (pellet fraction) was measured by densitometric analysis with ImageJ software. and microtubule stability by JMJD5 seems not through directly recruiting or inhibiting acetylation-related enzymes. Therefore, the exact mechanisms of microtubule stability regulation by JMJD5 should be further studied in the future.
MS assay revealed protein complexes of JMJD5 in the G 2 /M phase. A dozen proteins, apart from tubulin proteins, identified in our MS assay are involved in the cell cycle regulation (Fig.  8C) . Therefore, modulating the stability of microtubules may not be the only manner by which JMJD5 regulates cell mitotic progression. For instance, JMJD5 also interacts with several 26S proteasome components, such as PSMD2 (Fig. 8D) . In anaphase of mitosis, when anaphase-promoting complex/cyclosome is activated, substrates such as cyclin B and securin are degraded by the proteasome, promoting the mitotic exit program (5) . Further studies are needed to test whether JMJD5 could directly regulate the proteasome degradation of cyclin B and securin or whether these interactions only account for the degradation of JMJD5 itself.
Microtubule dynamics also plays important roles in cancer cell migration, invasion, and metastasis (46, 47) . The reduction of acetyl-␣-tubulin caused by JMJD5 depletion (Fig. 10) implied that JMJD5 may also play a role in the regulation of cytoskeleton dynamics. It will be interesting to further explore whether JMJD5 depletion can regulate these important biological processes. Moreover, microtubule stability is a very appealing target for anticancer chemotherapy (36) , and JMJD5-depleted The fluorescence intensities of ac-␣-tubulin and ␣-tubulin were quantified by NIS-Elements software, and the ratio of ac-␣-tubulin to ␣-tubulin was generated (right panel). n ϭ 20 for siNC, and n ϭ 20 for siJMJD5. Error bars indicate Ϯ S.E. **, p Ͻ 0.01 by Student's t test. C, knock-out of JMJD5 reduced the acetylation level of ␣-tubulin. The acetylation level of ␣-tubulin in control and JMJD5 knock-out cell lines was measured by Western blot (related to Fig. 2F ). D, both mouse JMJD5 and its catalytically inactive mutant mJMJD5 mut (H319A,D321A) can partially rescue the JMJD5-depletion induced microtubule instability. Flag-mJMJD5 WT, Flag-mJMJD5 mut (H319A,D321A), and Flag vector were separately transfected into JMJD5-depleted HeLa cells. Acetylation level of ␣-tubulin was measured by Western blot. E, the destabilization of microtubules caused by JMJD5 depletion was partially rescued by taxol. The indicated siRNA-transfected cells were treated with DMSO or 10 nM taxol for 2 h, and ␣-tubulin acetylation was measured by Western blot. F, tubastatin A treatment can partially rescue the mitotic arrest caused by JMJD5 depletion. HeLa cells were treated with 5 M tubastatin A or DMSO for 48 h after transfection with siRNAs. Samples were collected and measured by Western blot. G, interkinetochore tension decreased in JMJD5-depleted cells. HeLa cells transfected with specific siRNAs were synchronized and released, followed by MG132 treatment for 2 h. The cells were stained with ACA (green), ␣-tubulin (red), and DAPI (blue) (left panel). Scale bars, cells were found to be much more susceptible to the antimicirotubule agent nocodazole (Fig. 10H ). Our future studies will also be focused on the relationship between JMJD5 expression level and drug sensitivity in cancer cells.
